ABSTRACT -There are theoretical approaches about genic interaction in polygenic systems and methodologies to confirm its occurrence. However, some relevant aspects as the relative importance of the epistatic components of genotypic variance deserve further investigation. Considering complementary, duplicate, recessive, dominant, dominant 
INTRODUCTION
Although from the biological point of view the presence of epistasis is the rule and not the exception, as has been shown in many studies on the inheritance of qualitative traits, its study in quantitative genetic systems is one of the most complex problems faced by geneticists. This is not due to lack of theoretical knowledge, that was fully established almost 50 years ago by Cockerham (1954) and Kempthorne (1955) , nor to the lack of methodologies, such as generation mean analysis (Mather and Jinks 1974) and triple test cross (Kearsey and Pooni 1996) , but rather to the infinite possibilities of genetic systems considering the combinations of degrees of dominance, gene frequencies and number of genes. Without exception, in the top technical publications on Quantitative Genetics (Kempthorne 1973 , Hallauer and Miranda Filho 1988 , Wricke and Weber 1986 , Comstock 1996 , Lynch and Walsh 1996 and in other published studies of quantitative trait inheritance that include epistasis, there is no assessment of relative importance of the epistatic components of genotypic variance, or of their contribution to gains from selection or of the bias in estimating genetic parameters due to fitting the simple additive-dominant model. The objective of this study was to contribute with theoretical information on the relative magnitudes of the epistatic components of genotypic variance, considering digenic epistasis.
METHODS
All theory of polygenic systems that include interaction effects between non-allelic genes was developed by Cockerham (1954) and Kempthorne (1955) , although some differences in modeling exist. In those two articles, the components of genotypic variance assuming epistasis were described. Furthermore, the authors developed expressions describing the covariance between genotypic values of relatives. Cockerham´s model is the regression of the genotypic value of an individual (G) as function of the Crop Breeding and Applied Biotechnology 4: [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] 2004 Brazilian Society of Plant Breeding. Printed in Brazil number of genes that increase the trait expression (X 1 and X 2 ), which can be defined as
In matrix terms where G ij is the genotypic value of the carrier of i copies of gene A and j copies of gene B (i, j = 0, 1 or 2) which increase trait expression.
Orthogonalizing the columns of X (Q) by the orthogonal polynomials technique, results in
where A is a diagonal matrix of probabilities of the genotypes (f ij ). Assuming non-inbred population in Hardy-Weinberg equilibrium and in linkage equilibrium, where p is the frequency of the gene that increases the trait expression.
The transformed X matrix is
The genotypic values are where, for each gene, m is the mean of the genotypic values of the homozygotes, a is the deviation between the genotypic value of the homozygote with greatest expression and m, d is the deviation due to dominance, M is the population mean, A is additive genetic value and D is genetic value due to dominance. Regarding one gene, M = m + (p -q)a + 2pqd, A = 2qα and D = -2q 2 d, if the individual is homozygous for the gene that increases the trait expression, or A = (q -p)α and D = 2pqd, if the individual is heterozygous, or A = -2pα and D = -2p 2 d, if the individual is homozygous for the gene that decreases the trait expression, where α is the average effect of a gene substitution (Falconer and Mackay 1996) .
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Considering k genes, 
Types of Epistasis
The complexity of the polygenic systems makes any theoretical study of epistasis very difficult because there are infinite combinations of gene frequencies and degrees of dominance. To simplify, known types of digenic epistasis will be considered, characterized as follows: 
RESULTS AND DISCUSSION
Assuming complementary epistasis and population with reduced frequencies of dominant genes (Table 1) , the additive x additive epistatic genetic variance is, in general, the most important component of the genotypic variance independently of the polygenic system, surpassing the additive and dominance genetic variances. Only in simpler systems, with few interacting genes, the additive variance can be the component of largest magnitude. In spite of complete dominance, the variances due to dominance and additive x dominant, dominant x additive, and dominant x dominant epistatic effects represent at most 10% of the genotypic variance. In populations with intermediate allelic frequencies (Table 1 ) and in polygenic systems with up to 100 genes, if about 20% of these genes interact, the additive variance is the component of largest magnitude of the genotypic variance. In more complex systems, it is surpassed by the additive x additive variance. Comparatively to the populations with low frequencies of dominant genes, there is, in general, a decrease in the magnitude of the additive x additive epistatic variance and an increase in the magnitude of the other components of the genotypic variance. Even so, it continues to be the most important component of the epistatic variance. Magnitudes of the epistatic variances are lower. If the frequencies of dominant genes in the population are high (Table 1) , with the exception of the very complex polygenic systems with at least 1000 genes, of which at least 50% interact, the variance due to dominance is the component of largest magnitude of the genotypic variance. The most relevant component of the epistatic variance is the dominant x dominant variance. With complementary epistasis, the magnitude of the epistatic variance is maximized when the frequencies of the dominant genes are reduced and minimized when the frequencies of the dominant genes are high. When the gene frequencies are intermediary, the additive x additive variance has the same magnitude as the sum of the additive x dominant and dominant x additive epistatic variances. Regardless of the gene frequencies, the increase in the number of genes in the polygenic system and in the number of interacting genes will increase the magnitude of the epistatic variance, which can represent practically 100% of the genotypic variance.
Admitting duplicate epistasis (Table 2) , if the frequencies of the dominant genes in the population are small, only in simpler polygenic systems of at most 100 genes, with about 20% of them interacting, the magnitude of the additive variance 2 I σ is the epistatic genetic variance; k is the number of genes and k' is the number of genes that interact; p is the frequency of the dominant genes. will be equal or larger to the additive x additive variance. In more complex systems, the additive x additive variance is the largest component of the genotypic variance. Regarding populations with intermediary allelic frequencies, the additive x additive variance is the component of largest magnitude. Exceptions are simple systems of up to 10 genes, with about 20% of them interacting, where the additive x additive variance will be smaller than the additive variance (Table 2 ). In populations with high frequencies of dominant genes, the variance of largest magnitude is the dominant x dominant regardless of the polygenic system, representing 61 to 67% of the genotypic variance (Table 2 ). Contrary to that observed with complementary epistasis, the variance due to dominance is of negligible magnitude. With duplicate epistasis, an increase in the frequencies of dominant genes will increase the magnitude of the epistatic variance, which can represent almost 100% of the genotypic variance. In populations with intermediary allelic frequencies, the additive x additive variance is also equal to the sum of the additive x dominant and dominant x additive variances. As described for complementary epistasis, an increase in the trait control complexity and in the number of interacting genes can bring the proportion of the genotypic variance closer to 100% due to the differences among the epistatic genetic values of the individuals, regardless of the gene frequencies.
Compared to the previous cases, the analysis of duplicate genes with cumulative effects is more troublesome, because for each pair of interacting genes there is a proportionality between the a deviation, constant for every gene, and the epistatic genetic value of the homozygote for the genes that reduce the trait expression (θ). Assuming θ = 0.1 and a population with reduced frequency of dominant genes, the additive x additive variance is the component of genotypic variance of largest magnitude in complex polygenic systems of at least 100 genes, with about 50% of them interacting. In simpler systems, the additive variance has a larger value (Table 3 ). When the allelic frequencies are intermediary, the additive variance is the component of largest magnitude followed by genetic variance due to dominance, which both correspond to practically 100% of the genotypic variance (Table 4) , regardless of the polygenic system. In populations with high frequencies of dominant genes, the additive and dominance variances also represent practically 100% of the genetic variance, but the second component is the one of largest magnitude (at least 80%), independently of the polygenic (Table 5) . If the value of θ is at least 1.0, in the populations with reduced frequencies of dominant genes the component of largest magnitude of the genotypic variance is the additive x additive variance, regardless of the polygenic system (Table 3) . If the allelic frequencies are intermediary, the additive variance is the component of greatest value in the simpler system with up to 100 genes, with about 20% of them interacting. However, the additive x additive variance is the largest component in the other cases (Table 4 ).
In the populations with high frequencies of dominant genes, the dominance variance is the most important component of the genotypic variance, followed by the additive variance (Table 5 ). In the case of duplicate genes with cumulative effects, an increase in the proportion between the a deviation and the epistatic value of the homozygote for the genes that reduced the trait expression coupled with low frequencies of the dominant genes, a high number of genes determining the trait, and a high number of interacting genes will increase the magnitude of the epistatic variance, which can attain approximately 100% of the genotypic variance. Also in this case, when the allelic frequencies are intermediate, the additive x additive variance has the same magnitude as the sum of the additive x dominant and dominant x additive variances.
The case of dominant and recessive epistasis is even more complex. Considering three genes and digenic epistasis, only in relation to two of the three pairs it is possible to define this type of epistasis; for the third pair the epistasis is complementary, duplicate or duplicate genes with cumulative effects. The values presented in Table 6 were obtained assuming dominant and recessive epistasis of a single gene with all the (k' -1) genes remaining, theta (θ) equal to -1 and complementary epistasis in relation to the k'(k' -1)/2 other pairs. In populations with reduced frequencies of dominant genes, the additive x additive variance is the component of largest magnitude of the genotypic variance, except in the simpler polygenic systems with no more than 10 genes, with about 20% of them interacting (Table 6) . Even with complete dominance in all the loci, the genetic variances due to dominance, additive x dominant, dominant x additive and dominant x dominant epistatic effects represent together at most 10% of the genetic variance. In populations with intermediary allelic frequencies, the additive x additive variance is the component with the largest value in polygenic systems with at least 100 genes, with about 50% of them interacting (Table 6 ). In the other cases, it is the additive variance that represents the largest fraction of the genotypic variance, followed by dominance variance.
In populations with high frequencies of dominant genes, the component of largest magnitude is the variance due to dominance, which is surpassed by the dominant x dominant epistatic variance in the polygenic system with many genes, at least 1,000, with at least 50% of them interacting (Table 6) . As in the case of complementary epistasis, the epistatic variance is maximized when the frequencies of the dominant genes are reduced. Regardless of the gene frequencies, an increase in polygenic system complexity and in the number of interacting genes will increase the magnitude of the epistatic variance that may attain almost 100% of the genotypic variance. Table 4 . Relative magnitudes (%) of the components of genotypic variance, considering duplicate genes with cumulative effects and populations with intermediary allelic frequencies (p), in different polygenic systems 2 I σ is the epistatic genetic variance; k is the number of genes and k' is the number of genes that interact. Once again there is equality in the values of the additive x additive variance and the sum of the additive x dominant and dominant x additive variances when the allelic frequencies are equal.
Assuming a i ≈ a j (i, j = 1, ..., k; i ≠ j), the relative values of the components of genotypic variance with recessive epistasis came close to those presented for complementary epistasis. Under the same assumption, the relative values of the components of genotypic variance with dominant epistasis came close to those presented for duplicate epistasis and the relative values of the components of the genotypic variance with non-epistasis genetic interaction approach those presented for duplicate genes with cumulative effects.
If the gene frequencies in the population are not all approximately equal, the relative magnitudes of the components of the genotypic variance differ from the presented values (Table 7 ). In relation to two genes, with complementary epistasis (A_B_ with one genotypic value and A_bb, aaB_ and aabb with different value), there is a tendency for the additive variance to be the component of largest value, followed by the dominance variance. The magnitude of the epistatic components tends to be larger when the frequencies of the dominant genes are reduced. 
